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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INVESTIGATION AT SUPERSONIC SPEEDS OF AN INLET EMPLOYING CONICAL
FLOW SEPARATION FROM A PROBE AHEAD OF A BIUNT BODY

By Donald P. Hearth and Gerald C. Gorton

SUMMARY

An investigation was made in the Iewls 8- by 6-fool supersonic
wind tunnel on an inlet employing conical flow separation from a probe
extending upstream from & hemispherical-nosed centerbody. Data were
obtained at free-stream Mach numbers from 1.6 to 2.0 and angles of
attack from 0° to 9°.

Pressure-recovery and drag characteristics for the lnlet were very
nearly comparable wlth those for a conlcal-splke inlet at zero angle of
attack and design Mach number of 2.0, bubt compared less favorably at
Mach numbers below 2.0.

A large reduction in pressure recovery and mass flow was obtained
at angle of attack. However, an investigation on the use of probes
oPfget from the inlet center line Indicated that the angle-of-attack .
performence could be appreciaebly improved if the probe were alined with
the stream direction. -

TNTRODUCTION bl AN

When a probe or rod 1s extended sufficiently forward of a blunt-
nosed body in a supersonic stream, flow separation occurs from the
probe (references 1 to 8). This phenomenon occurs because of the
inability of the boundary layer on the probe to withstand the large
static~pressure rise assoclated with the detached shock caused by the
blunt body. Various investigations (references 1 to 5) have been
conducted applying this form of flow separation as a means of reducing
the drag of blunt-nosed bodles at supersonic speeds. Application of
this separation phenomenon to supersonlc inlets has been initiated
(reference 6) by utilizing the separated-flow-region boundary as the
compression surface in place of the usual solld cone, Because of the
spherical shape of the blunt body, such an Inlet would be more
desirable as a housing for & rader homing system than & conical-
spike inlet.
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In order to evaluate thls type of inlet, an investigation was con~
ducted in the NACA Iewls 8- by 6-foot supersonic wind tumel on an inlet
conslisting of a hemispherilcal-nosed centerbody wlth & probe projected
upstream. Pressure-recovery, drag, and mass-flow characteristics are
presented for Mach numbers from 1.6 to 2.0 and angles of attack to 9°.
The Reynolds number, based on inlet dlameter, was approximately
2.07x106. Data for a conical inlet installed on the same model (refer-
ence 9) are included for comparison.

]
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SYMBOLS

The following symboles are used 1n this report:

A area, sq ft

Cp external-drag coefficlent D/aph,

D drag force, 1b

L length of probe, in. .
M Mach number

m . mags flow, slugs/sec )
m/mo mess-flow ratio

P ' total pressure, lb/aq hig 7

D static pressure, lb/sq £t

] dynamic pressure, ypMZ/2, 1b/sq £t

R redius of hemispherical nose, In.

o - -angle of attack, deg - -

¥ ratio of speclfic heats for air

Subscrilipts:

0 free stream )

2 station 1/2 inch upstreaem of honeycomb )
n maximum r
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APPARATUS AND PROCEDURE

The separation inlet configuration, as installed on an 8-inch cold-
flow ram-jet engine, is shown schematically in figure 1. With the
exception of the cowl, the outer shell was identical to that used on the
model reported in reference 9. The Internal cowl-lip angle was so
chosen that it would be alined with the flow at My = 2.0 1f the same

type of shock structure observed in reference 6 was obtalned. Detalls
of the hemispherical-nosed centerbody, the variable~length straight
probe, end the cowl are also shown in figure 1. The Included angle of
the probe tip was 30°. Internal and external coordinates for the cowl
are presented in table I.

A photograph of the separation inlet as installed in the 8- by
8-foot supersonic wind tunnel 1s shown in figure 2 and the notations
used in the data presentation are illustrated in figure 3. From a
gtation 1.8 inlet dlameters downstream of the cowl lip to the plane of
survey (station 3), the subsonic diffuser-area varlation was ldentical
to that of inlet A of reference 9 and was similar to that from the cowl
11p to the 1.8 station. This varlatlon is presented 1n figure 4.

Mags-flow ratlo is presented as the ratio of the actual mass flow
through the inlet to that through a free-stream tube defined by the
cowl-inlet area. Variation of mass flow was accomplished by means of
a movable plug at the exit of the model. Actual mass. flow through the
inlet was computed for choking at the control-plug minimum area by
the use of an average static pressure measured at the plane of survey
(station 3) in conjunction with isentropic-flow relations. The honey-
comb, shown in figure 1, was used to minimize the angularity of the
flow at the plane of survey and to obtaln smooth air flow prlor to
the exit plug.

Total-pressure recovery is presented as the ratlo of the total
pressure shead of the honeycamb (station 2) to the free-stream total
pressure. By use of measured static pressures at stations 2 and 3, the
total pressure ahead of the honeycomb was calculated from continulty
relations, assuming that an adlabatic process exlsted between these
two stations.

Drag data were computed from the axial-force data measured by &
three-component strain-gage balance and are presented in coefficlent
form, based on the maximum external cross-sectional area of the
model (0.360 sq ft). Angle-of-attack correction was determined from a
gtatic calibration of the support-sting deflection resulting from
various combinations of balance normel and moment forces.

A dynamic pressure plckup, located slightly downstream of the

plane of survey, was used to determine inlet lnstablility. In addition,
Plash and high~speed schlieren photographs were obtelned.

oot i
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RESULTS AND DISCUSSION *

In order to optimize the inlet at a Mach number of 2.0 and zero
angle of attack, a preliminary Investligation was conducted in which
the probe length and the relative cowl positlons at these conditlons
were varied. With the cowl In its original position (cowl poeition 4,
fig. 3(a)), maximum-pressure-recovery points were obtained at various
probe lengths. These data, as presented in figure 5(a), indicate the
game trend of maximum pressure recovery and movement of the separation
origin reported in reference 6. For.short probe lengths, the flow
separated from the conical portion of the probe, that 1s, from the
probe tip, and the maximum pressure recovery Ilncreased as the probe
was extended, reaching a peek value of 0.85 at a probe length parameter
value (L/R) of 1.27. This value of L/R .for the highest maximum
pressure recovery agrees very closely with that reported in reference 6.
For further extensions of the probe, the flow continued to separate from
the probe tip and the maximum pressure recovery decressed, until a
critical L/R value of about 2.80 was reached; at this value, the Fflow
separation "Jumped" and begen occurring from the cylindrical portion
of the probe. At this polnt the maximum pressure recovery increased to
sbout 0.80 and remained approximately constant for further extenslons
of the probe. It was found that the two types of separation (that is,
separstion from the probe tip and fram the probe surface) approximately
followed the trends of Reynolds number and pressure rise across the
accompanying shock wave for laminar and turbulent separation as reported
in reference 10. A full range of data was obtalned for the probe
getting which ylelded the highest meximum pressure’ recovery and 1t was
found that this conflguration was spllling 8 percent of the mass flow
at critical operation.

2740

To more nearly capture a full free-stream tube at criltical operation,
the spacers (flg. 1) were adjusted so that the cowl was in position B
(fig. 3(a)). With the cowl in thils position, maximum-pressure-recovery
points were obtained at varilous probe lengths as before. These data,
as presented In figure 5(b), show the same trend as obtalned with cowl
position A. The highest meximum pressure recovery again occurred at
an L/R velue of 1.27, but the peak value for this cowl positlion was
reduced to 0.83. However, the critical mass-flow ratio at this L/R
value was increased to almost unity. As indicated in the figure, there
existed & hysteresis effect at the transition point where the origin of
the separation "jumped". This effect, which appears to be of the same
nature ag that reported In references 3 and 7, was also noted for cowl
posltion A,

Schlieren photographs obtalned at maximum-pressure-recovery polants
for both cowl positions are shown in figure 6. At an I1/R value of
1.27 (fig. 6(a)), a second obligue shock was present with the cowl in
position A. This second oblique shock, which was present for all L/R

e CONF TP A .
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values, appears to be of the same nature as that reported and discussed
in references 4 to 6. When the cowl was moved forward to position B,

the second obligue shock was agaln present at critical operation with flow
separation from the probe tip. However, at the maximum-pressure—recovery
polnt, the second oblique shock was ellmlinated; this can easily be geen
by a comparison of figures 6(a) and 6(b). TUndoubtedly the elimination

of the second oblique shock was partly the cause for the lower level of
pressure recovery shown in figure 5(b) (other causes being changes in
effectlve cone angle, internal geametry, and so forth). Prosumably,

the advanced position of the normel shock on the centerbody induced a
higher pressure in the dead-alr region thereby lncreasing the effective
cone angle and causing the boundary of the separated flow to strike

the centerbody tangentially; the flow deflectlon which produced the
gecond oblique shock was thus eliminated. Another posslible explanatlon
1s that the normal shock may have been moved sufficlently forward to
extend a subsonlc-flew fleld into the region where a dsflection of the
separated flow boundary is needed, thereby eliminating the second oblique
shock.,

Presented in Pigure 6(c) is a typical schlieren photograph .of
geparation on the probe surface. Measurements of the shock configura-
tion indicated very nearly conlcal flow. The half-angle of the dead-
alr reglon at the highest maximum-pressure-recovery condltlion for
cowl position B was approximately 27° which is very close to the optimum
cone-half-angle for a Mach number of 2.0.

Varlation of pressure recovery and drag coefficient with mass-flow
ratio at a Mach number of 2.0 and zero angle of attack for the two cowl
positions at the optimum probe lengths 1s presented in figure 7. Also
included are data obtained for & conical inlet installed on the same
model (inlet A of reference 9). The relative forward movement of the
cowl decreased the meximum pressure recovery from 0.85 to 0.83 and
the critical pressure recovery from 0.83 to 0.81. However, the movemenbt
of the cowl caused an lncrease in the critical mass-flow ratlo from
0.92 to 0.99. Since the conflguratlon with the cowl In position B
was able to capture very nearly a full free-stream tube at critical
operation, this cowl position was consldered the optimum one.

The pressure-recovery and mass-flow characteristics for the
optimized separation inlet appear to be similar to those for the
conlcal inlet, except that the absolute wvalues of the pressure recovery
are somewhat lower as can be seen from figure 7. Pressure recoveries
for the conical and the separation lnlets at critical operation were
0.83 and 0.81, respectively, whlle the maximum pressure recoveries
were 0.85 and 0.83, respectively. Comparable stabllity characteristics
were noted for the two inlets. The drag coefficlent for the separation
inlet was slightly higher than for the conical inlet; the values at

_critical operation being 0.12 and 0.10, respectlively. However, the

Y a2 22 grsrviy
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higher drag may be attrihuted to the larger external cowl-1lp angle of
279 for the separation inlet as compared with the 12° angle for the
conical inlet. Cowl pressure-drag coefficlents were calculated for the
geparation and the conical inlets by linearized potentiael theory and
were found to be 0.051 and 0.035, respectively. These values of cowl
pressure drag indicate that the total drag of the separation inlet
might be expected to equal that of the conical inlet if similar cowl-1lip
angles &re employed.

It also appeers from figure 7 that the drag coefficient of the
optimized separation inlet increased at & lower rate than the drag
coefficient of the conical inlet for the same amount of mass-flow
spillage. Since the value of the .oblique shock angle of the optimized
separation inlet increased with decreasing mass-flow ratlo, 1t might '
be expected that the mass-flow spillage of this inlet consisted of
some supersonic splllage, as well as the usual subsgonic splllage.
Because of the lower additive drag associated with supersonic spillage
(reference 11), & lower slope of the drag curve might be expected.

Varietion of total-pressure recovery and drag coefficlent wlth
mess-flow ratio for the optimum length straight probe for cowl
position B over the ranges of Mach numbers and angles of attack
investigated are presented in figure 8. These data are cross plotted

in figure 9.

The effect of Mach number on the separation-inlet performance at
zero angle of attack, as compared with the performance of a conical
inlet, 1s shown in figure 9(a) for critical operation and figure g(b)
for operation at maximum pressure recovery. As shown In the figure,
the critical pressure recovery of the separation inlet compared less
favorebly with that of the conical inlet at Mach numbers lower than
2.0. (Note: at a Mach number of 1.6, the valuwes are 0.86 and 0.93,
respectively.) The angle of the dead-air region {(effective cone
angle) increased slightly with decreasing Mach number, thereby
causing more low-energy alr to enter the inlet. Thils may account,
in part, for the relatlvely poorer pressure recovery of the separation
inlet at the lower Mach numbers. In addition, observations indicated
that the boundary of the dead-air region was more lrregular as the
Mach nunber was decreased.

Tn addition to the lower pressure recovery, the separation Inlet
oexhibited a large decrease in the critical mass-flow ratio at Mach
numbers below 2.0. As can be seen from Pfigure 9(a), this decrease in
mass-flow ratio 1ls greater then for a conical inlet and is probably
due, in part, to the increase In effective cone angle as the Mach
number is decreased. No gain in performance could be attained for
Mach numbers less than 2.0 by varying the probe length from the L/R

.
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value of 1.27. The difference in drag noted previously at a Mach number
of 2.0 appeared to be constant over the range of Mach numbers Ilnvestigated.
Schlieren photographs at zero angle of attack and Mach numbers of 2.0

and 1.8 are presented 1n figure 10 for the maximum-pressure-recovery

" condlition.

Ag Indlcated In figure 8, there was & large loss in performance
at angle of attack simllar to that reported in reference 6. It was
suggested In reference 6 that the performance at angle of attack might
be lmproved by alining the probe wlth the alr stream. To evaluate thils
recommendation, two additional probes, offset 5° and 10° from the center
line of the model, were investigated over the same range of variables
as for the straight probe. Data are presented In figures 11 and 12 for
the 5° and 10° probes, respectively. These data, as well as the original
data, are cross-plotted 1n figure 13.

The effect of angle of attack on the performance of the varilous
probes at & Mach number of 2.0 1s summarized in figure 13(a) for
critical operation and in figure 13(b) for operation at meximum pressure
recovery. The configuration with the straight probe suffered & large
loss In performance as the iInlet was ralsed to angles of attack. The
reason for this large loss in performance can be seen from the schlleren
photographs presented in figures 14(a) to 14(c). Because of the tendency
of the separated flow reglon to alline 1tself with the stream direction,
e large quantity of the low-energy separated alr entered the upper half
of the inlet and a strong shock wave formed over the lower half of the
inlet as the angle of attack was Increased.

Results for the offset probes, shown in figure 13, indlcate a marked
galn in performance over the straight probe at the angles of attack for
which the probe was nearly alined with the flow. For example, an
Increase 1n critical pressure recovery from 0.74 to 0.78 was obtained
at a 5° angle of attack. It can be seen from figures 14(d) and 14(e)
that the 5° probe at a 5° angle of attack and the 10° probe at a 9° angle
of attack cause the separated flow reglon to be very nearly tangent to
the blunt body; thereby the poor flow field assoclated with the stralght
probe at the same angles of attack (fige. 14(b) and 14(c)) is avoided.

It was noted that the inlet with the offset probes had stability
characteristics comparable with those of the Inlet wlth the straight
probe.

The expected performsnce of a separation inlet, conslsting of a
probe which would be alined with the stream directlon at all angles of
attack, 1s 1llustrated by the dashed curves 1n figure 13, which were
obtained by connecting the data for the alined conditioms. As -
indicated, the performance of thls type inlet would be very nearly
camparable with that of a fixed conical inlet at angles of attack.
However, the results of this investigation indicate that the pressure



NACA RM E5ZK18

recovery of & conlcal-splke inlet at angle of attack may also be
improved by alining the center line of the cone with the stream
direction.

SUMMARY OF RESULTS

The following results were obtained from the investlgation of an
inlet utilizing flow separatlon from a probe extending upetream of a
hemispherical-nosed centerbody.

1. Pressure-recovery, stability, and drag characterlstics for
the inlet were very nearly comparable with those for a conical-spike
inlet at zero angle of attack and Mach number of 2.0, but compared
less favorably with those for a conical-splke inlet at Mach numbers
below 2.0.

2. A large loss in pressure recovery and mass flow at angle of
attack was noted for the stralght-probe configuration. However,
results of an investigation of two other probes, offset 5° and 10° from
the inlet center line, indicated that & configuratlion which allned the
probe with the streeam direction would have greatly improved angle-of-
attack performance.

3. For the configuration which ylelded a critical mass-flow ratlo
of nearly unity, a one-oblique-shock system was obtained at the maximum
pressure-recovery condition. However, a two-obligue-shock system,
wlth resulting higher pressure recovery, could be obtained at the
expense of spilling 8 percent of the critical mass flow.

Lewis Flight Propulsion Laboratory
National Advisory Commlttee for Aeronautics
Cleveland, Ohlo
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TABLE I. - COWL COORDINATES FOR SEPARATION INLET

Stetion distance| Internal diameter | External diameter
from cowl lip (in.) (in.)

(in.)

0 5.532 5.532
.10 5.600 5.644
.20 5.674 5.746
.30 5.732 5.838
.40 5.788 5.918
.80 5.878 6.046
.80 5.950 ) 6.148

1.00 6.010 . 6.232

1.50 6.120 " 6.370

2.00 6.200 L 6.450

2.50 6.268 = 6.518

3.00 6.326 6.576°

3.50 6.376 6.626

4.00 6.418 6.668

4.50 6.456 6.7086

5.00 6.492 — 6.T742

7.50 6.625 = 6.870

10.00 6.750 o 7.000
20.00 7.200° — 7.460
32.14 7.875 8.125
56,125 7.875 8.125

. O%LZ
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Figure 3. - Notation for separation inlet.
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(a) Cowl position A; L/R = 1.27; (b) Cowl position B; L/R = 1.27;
(Po/Pg)y = 0.85. ' S (Bp/Po)p = 0.83.

C-31124

(c) Cowl position B; L/R = 2.92; (Pp/Py)y = 0.80.

Figure €. - Schlleren photographs at free-stream Mach number of 2.0 and zero angle of attack,
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(b) Free-stream Mach number, 1.8; maximum pressure recovery, 0.86.

Figure 10. - Schlleren photographs at zero angle of attack.
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Figure 11. - Continued. Performance of 5° offset probe for
cowl position B and probe length parameter of 1.27.
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Figure 12. - Performance of 10° offset probe for cowl
position B and probe length parameter of 1.27.
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Figure 12. - Concluded, Performance of 10° offset probe for
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Figure 13. - Effect of angle of attack on inlet performance at
free-streem Mach number of 2.0.
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{a) Straight probe; o = 0%; (b) Stralght probe; o = 6% {c) Stralight probe; o = §9;
(P2/Po)m = .83, (Pa/By)p = 0.74. (Po/Po)y = 0-68.

ot e
s\ ol
c-31126
(a) 5° probe; o = 5% (o) 10° probe; « = ¥
: . (P2/Pg)y = 0.82- (Pa/Po)y = 0-80.
Flgurs 14. - Schlieren photographs at fres-stream Mach numher of 2.0 for various angles
af attack.
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